Objective: To determine whether autophagy contributes to the pathogenesis of degenerative disc disease (DDD) or retards the intervertebral disc (IVD) degeneration, and investigate the possible relationship between compression-induced autophagy and intracellular reactive oxygen species (ROS) in nucleus pulposus (NP) cells in vitro. Methods: The autophagosome and autophagy-related markers were used to explore the role of autophagy in rat NP cells under compressive stress, which were measured directly by electronic microscopy, monodansylcadaverine (MDC) staining, immunofluorescence, western blot, and indirectly by analyzing the impact of pharmacological inhibitors of autophagy such as 3-methyladenine (3-MA) and chloroquine (CQ). And the relationship between autophagy and apoptosis was investigated by Annexin-V/propidium iodide (PI)-fluorescein staining. In addition, ROS were measured to determine whether these factors are responsible for the development of compression-induced autophagy. Results: Our results indicated that rat NP cells activated autophagy in response to the same strong apoptotic stimuli that triggered apoptosis by compression. Autophagy and apoptosis were interconnected and coordinated in rat NP cells exposed to compression stimuli. Compression-induced autophagy was closely related to intracellular ROS production. Conclusions: Enhanced degradation of damaged components of NP cells by autophagy may be a crucial survival response against mechanical overload, and extensive autophagy may trigger autophagic cell death. Regulating autophagy and reducing the generation of intracellular ROS may retard IVD degeneration.
Introduction
Excessive or inappropriate compressive force stimulus applied to intervertebral discs (IVDs) is a contributing factor in causing disc degeneration 1e3 . Compression directly affected the synthesis of collagen and proteoglycan, two extracellular matrix (ECM) components in IVD cells 4 . However, the association between compression and IVD degeneration remains elusive. Compression triggers necrosis and programmed cell death in IVD cells, which may play essential roles in disc degeneration 5 . However, the mechanisms of cell death pathways in IVD cells in response to compression are not completely understood. Thus, understanding the mechanisms of programmed cell death and designing therapeutic strategies to block cell death in IVD cells are crucial for treating degenerative disc disease (DDD). There are two major morphologically distinctive forms of programmed cell death, apoptosis and autophagic cell death 6 . Both types of programmed cell death are often triggered in response to stress stimuli 7 . Autophagy is a self-catabolic process that sequestrates damaged organelles and proteins and provides energy by selfdigestion under conditions of stress 8 . Compression-induced apoptosis has been well studied in IVD cells 9 . However, the role of autophagy in IVD cells has not been documented when IVD cells were exposed to compression. IVDs are comprised of the surrounding annulus fibrosus (AF) and the central gelatinous nucleus pulposus (NP) cells. Limiting nutrients, such as amino acids, growth factors, and energy, can induce autophagy in IVD AF cells 10 , but little is known about the role of starvation-induced autophagy in NP cells. The degeneration of NP cells is associated closely with the etiology of DDD 11 , and overloading compression enhances the process of IVD degeneration 12 . We have previously reported that apoptosis could be induced by intrinsic or mitochondrial pathways in rabbit NP cells subjected to 1 Mpa compression 9 . Whether or not autophagy is also involved in compression-induced cell injury and NP cell apoptosis is unclear.
We hypothesized that IVD cells would demonstrate different forms of cell death, besides apoptosis, in response to compression of different durations. Thus, we studied the existence of autophagy in rat NP cells under 1 Mpa mechanical loading stress, and analyzed the significance of autophagy in the survival and proliferation of NP cells. The mechanical stimulation was chosen to correspond to the compression values in metabolic-related studies reported by Hutton et al. 13 , and was similar to the intensity of compression used in previous in vitro compression-induced apoptosis studies 9 .
Furthermore, the interrelationship between autophagy and apoptosis was investigated, to shed light on IVD degeneration mechanisms. The comprehensive understanding of the cell death pathways during compression exposure may provide therapeutic strategies in IVD degenerative disease 14 .
Materials and methods

Isolation and culture of rat NP cells
Rat NP cells were extracted and purified as described previously by Risbud et al. 15 with minor modifications. The studies were conducted according to the guidelines for the treatment of experimental animals from the animal experimentation committee of the Huazhong University of Science and Technology. Briefly, twenty 3 month old male SpragueeDawley rats, weighing 250e300 g, were obtained from the Experimental Animal Center of Tongji Medical College, China. The rats were euthanized by intraperitoneal injection of chlorine aldehyde hydrate (350e400 mg/kg), and the IVDs were immediately harvested from the lumbar spines. NP tissues were removed from the IVDs, dissected and digested for 15 min in 0.25% type II collagenase (SigmaeAldrich, St. Louis, MO, USA) at 37 C. Then the partially digested tissue and cells were collected by centrifugation at 250 g for 5 min, suspended and cultured in Dulbecco's modified Eagle's medium/Ham's F-12 (Gibco) medium containing 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Sigma) at 37 C in a humidified atmosphere containing 5% CO 2 . When the cells reached a confluence of 80e90%, they were digested by 0.25% trypsine0.02% ethylene diamine tetraacetic acid (EDTA) (Sigma) and subcultured in culture flasks. Second generation rat NP cells were used for all experiments.
Application of a compression apparatus on rat NP cells
To determine the effect of static compression on the manner of rat NP cell death, cells were cultured in a stainless steel pressure vessel to mimic in vivo conditions. The pressure apparatus (capacity, 8.2 L) was constructed to withstand up to 1 Mpa pressure. Rat NP cells were placed on cell culture plates or culture dishes, and subjected to a 1 Mpa mechanical stress. The experiments delivered 1 Mpa mechanical stress for 12, 24, 36, or 48 h.
Cell viability assay
Cell viability was determined by the Cell Counting Kit-8 (CCK-8, Dojindo, Japan) according to the manufacturer's instructions. Briefly, rat NP cells were seeded in 96-well plates. The autophagy inhibitor, 3-methyladenine (3-MA, Sigma), inhibits phosphatidylinositol 3-kinase to suppress autophagy by blocking autophagosome formation 16 . 3-MA was applied to rat NP cells to investigate the role of autophagy in rat NP cell viability. At the appropriate time points following treatment, the CCK-8 reagent was added to each well to evaluate the number of the surviving cells indirectly. After adding 10 ml of the CCK-8 solution, the plate was incubated at 37 C for 2 h. Then the plate was read using a spectrophotometer (ELx808 Absorbance Microplate Reader, Bio-Tek, USA) at 450 nm. The number of the surviving cells was quantified by measuring the absorbance, which correlated closely with cell number, as we have previously described 17 .
Transmission electron microscopy (TEM)
The ultrastructural features of NP cells under static compressive force were examined using TEM, which was performed as previously described 18 . Briefly, after compression treatment, the cells were collected by trypsinization and centrifugation, and then washed twice in phosphate buffered saline (PBS, pH ¼ 7.4) and twice in deionized water. After the last washing step, cells were pelleted at 1000 g for 15 min and the supernatant was discarded. Cells were fixed with 2.5% glutaraldehyde in PBS for 2 h at room temperature. Cells were then post-fixed for 2 h with 1% osmium tetroxide, followed by dehydration with an ascending series of ethanol, and infiltration and embedding in Epon 812. Western blotting was also probed with an antibody against GAPDH (1:5000; Sigma) for 1 h, followed by anti-mouse IgG (1:5000; Amersham Biosciences, USA) for 1 h to ensure even loading per lane. Membranes were developed using the enhanced chemiluminescence (ECL) method according to the manufacturer's instructions (Amersham Biosciences, Piscataway, NJ, USA).
Fluorimetric assay for detection of autophagic vacuoles
The presence of autophagic vacuoles, as a marker of autophagy, was detected by the fluorescent dye monodansylcadaverine (MDC, Sigma, USA) as previously described by Niemann et al. 
Annexin-V/propidium iodide (PI) staining for apoptosis detection
To detect the relationship between compression-induced autophagy and apoptosis, 3-MA was applied to inhibit autophagy and observe apoptosis. Annexin-V/propidium iodide (PI)-fluorescein labeling was conducted as described in the Annexin-V/PIfluorescein staining kit (Nanjing Keygen Biotech, China) protocol. Briefly, rat NP cells were pretreated with 3-MA for 1 h before the cells were exposed 
ROS analysis
ROS generation in rat NP cells after compression treatment in the presence or absence of N-acetylcysteine (NAC, Sigma) or 3-MA was revealed using 10 mM 2 0 -7 0 -dihydrodichlorofluoroscein diacetate (H 2 DCF-DA, Sigma), which is oxidized into the fluorescent dichlorofluorescein (DCF), in the presence of ROS. To quantify the ROS levels, the treated cells were detached by trypsinization and the cellular mean fluorescence intensity (MFI) was analyzed using a flow cytometer after the cells were stained with 5 mmol/L H 2 DCF-DA for 30 min. For each analysis, the mean MFI of 10,000 cells was recorded. The MFI data were normalized to control levels and expressed as the relative fluorescence intensity of DCF 21 . We also applied the ROS scavenger NAC to suppress the generation of ROS, and tested the effect of the autophagy inhibitor 3-MA to investigate the role of autophagy in the process of ROS generation. The rat NP cells were pretreated with NAC or 3-MA for 1 h and then exposed to 1 MPa compression.
Statistical analysis
Every experiment was performed at least in triplicate technical replicates. All data are expressed as means AE 95% confidence intervals from at least three independent assays. Student's t tests were used to analyze the differences between two groups. Multiple sets of data were compared by one-way repeated measures analysis of variance (ANOVA), followed by least significant difference (LSD) for comparison between control and treatment groups. P-values <0.05 were considered statistically significant.
Results
The changes of NP cell morphology under compression
Compression treatment of rat NP cells initiated morphological changes. Second generation rat NP cells were exposed to compression for 48 h at 1 MPa. The morphology of the rat NP cells exposed to compression for 12 h was similar to that observed at 0 h, as shown in Fig. 1 . As the exposure to compression was prolonged, NP cells gradually shrunk and formed abnormal shapes around their edges. After compression stimulus for 48 h, most of the cells demonstrated threadlike morphology and almost detached from the plates.
Cell proliferation and the death of rat NP cells after exposure to compression
To observe the effects of compression on rat NP cells, cell viability was monitored over time using the CCK-8 reagent. Some compression-treated cells were given the autophagy inhibitor 3-MA (experimental group) and were compared with compression treatment groups in the absence of 3-MA (control group). Compression with 1 MPa for 48 h remarkably reduced cell viability, and caused injury to rat NP cells in subsequent experiments. The number of rat NP cells that survived declined steadily during the first 24 h of treatment, indicative of growth arrest or cell death, as shown in Fig. 2 . The autophagy inhibitor 3-MA significantly triggered cell death compared with the control groups at 12, 24 and 36 h. P values of each treatment group were 0.049, 0.021 and 0.002, respectively. The number of rat NP cells at 48 h after compression with 3-MA treatment was markedly elevated compared with compression treatment only groups, and the P value was 0.039, which indicated some factors may retard cell death when the stimulus continued. Autophagy may induce a cell-survival response to some stress conditions at early stages, however, the number of dead cells continually increased after the stimulus exceeded a certain limit.
Detection of the ultrastructure of NP cells by TEM
To date, examining the ultrastructure of cells by TEM was the gold standard to detect autophagy 22 . By conducting an ultrastructural study using TEM, the typical autophagic features of rat NP cells were detected after compression stimulus for 36 or 48 h, and expansive endoplasmic reticula were detected, as shown in [ Fig. 3(ceh) ]. Double-or multiple-membraned autophagosomes were observed (arrowheads), which contained high-electrondensity substances, the recognizable organelles and cellular materials. Furthermore, the dynamic process of compression-induced autophagic cell death could be detected. When the stimulus time was extended, the organelles and cellular materials contained in autophagosomes were gradually degraded, which were demonstrated as low-electron-density or filamentous substances, as shown in [ Fig. 3(e) ]. These results indicated that autophagy was induced by compression in rat NP cells.
Detection of autophagy by western blotting
Autophagy serves as a dynamic recycling system that degrades damaged cytosolic proteins and organelles, and produces new components and energy for cellular renovation and homeostasis. To observe the autophagy flux, the conversion of LC3B-I to LC3B-II after compression treatment was detected by western blotting. As shown in [Fig. 8(A) ], the immunopositive protein bands for LC3B-I and LC3B-II were clearly detected in rat NP cells. After compression treatment, LC3B-II expression gradually increased and reached a maximum at 36 h, indicative of autophagic activity under compression conditions. LC3B-II protein could hardly be detected in the presence of 3-MA [ Fig. 4(A) ]. The expression of LC3B-II increased [ Fig. 4(A) ] in the presence of CQ at 24 h. CQ is faintly alkaline and allowed for accumulation of LC3B-II in acidic organelles like lysosomes. CQ treatment also inhibited autophagy by disrupting the function of lysosomal enzymes 20 . Thus, CQ is an autophagosome specific marker, as shown by the increased expression of LC3B-II 23 .
To further confirm the induction of autophagy after compression treatment in rat NP cells, the expression of beclin-1, an autophagy-related protein, was detected by western blotting. Beclin-1 expression was dramatically elevated after compression treatment of rat NP cells [ Fig. 8(A) ]. These data suggest that compression could induce autophagy by upregulating beclin-1 and LC3B-II expression.
Detecting the autophagic vacuoles by MDC staining
Autophagic vacuoles were preferentially labeled by the lysosomotropic agent MDC, which can be incorporated into lipids in autophagic vacuoles. Therefore, the effect of compression on rat NP cells was observed using LSM and flow cytometry by MDC staining. The results showed that the autophagic vacuoles distinctly increased in a time-dependent manner, as shown in Fig. 5 , which indicated that the positive cell number gradually elevated over time. However, there was no significant difference between 0 h and 12 h in the positive cell number, and the P value was 0.342. Interestingly, there was a statistically significant decrease in autophagic B)]. P values of each treatment group were 0.006, 0.019, 0.007 and 0.021, respectively. Thus, compression increased the levels of apoptosis in time-dependent manner, and the level of apoptosis was enhanced when autophagy was blocked by 3-MA. Furthermore, the autophagy inhibitor 3-MA enhanced the compressioninduced apoptosis; however, the survival cells dramatically increased at 48 h compared with the control groups and the P value was 0.03. These results indicated that autophagy and apoptosis were interconnected in rat NP cells exposed to compression. Autophagic cell death may also be involved intimately in compression-induced IVD cell death.
The relationship between intracellular reactive oxygen species (ROS) and autophagy induced compression stimulus
To detect intracellular ROS, the MFI of DCF in rat NP cells was measured by flow cytometry. As shown in Fig. 7 , treatment with 1 Mpa compression increased the formation of ROS relative to normal culture after 12 h exposure in rat NP cells, and the P value was 0.006. The concentration of ROS increased in a time-dependent manner, which was significantly attenuated by the ROS scavenger, NAC at 12, 24, and 36 h. P values of each treatment group were 0.0008, 0.019, and 0.011 respectively. The autophagy inhibitor 3-MA markedly elevated the level of ROS during 48 h of compression treatment, and the P value was 0.0025 (Fig. 7) . Furthermore, the expression of LC3B-II and beclin-1 also significantly decreased compared with cells that were not treated with NAC at 24, 36, and 48 h (Fig. 8) , P values were 0.019, 0.019, and 0.010 respectively in LC3B-II expression groups, and P values were 0.045, 0.017, and 0.035 in beclin-1 expression groups. These results indicated that the generation of ROS was involved in compression-induced autophagy.
Discussion
Conventionally, three types of cell death, namely apoptosis, autophagy and necrosis, have been identified. Previous studies have shown that these three different types of cell death are interconnected, and the suppression of any one of them can contribute to necrosis or autophagy 24e26 . Autophagy is an evolutionarily conserved process, has been implicated in cell growth, development and the stress response, and has been detected in numerous neurodegenerative diseases 27, 28 . It has been well documented that compression induces NP cell apoptosis and necrosis 29, 30 . To our knowledge, this is the first study to report the effects of compression stimulus on autophagy and autophagic cell death in rat NP cells. We speculate that compression-induced autophagy and autophagic cell death may be associated with the procession of IVD degeneration. To elucidate how rat NP cells respond, an apparatus applied compression conditions to cultured rat NP cells. Compression treatment induced apoptosis and autophagy in rat NP cells.
In this study, compression induced the generation of morphological and biochemical markers of autophagy in rat NP cells, and triggered autophagosome formation as shown by LC3B expression and electron microscopic analysis. Additionally, the compressioninduced autophagy demonstrated a time-dependent trend in rat NP cells, which was characterized by increased autophagic vesicle formation and the accumulation of LC3B-II over time. Also, the levels of beclin-1 increased in a similar manner. Within 48 h of exposure, compression increased the processing of LC3B-I to LC3B-II, the major step in autophagosome formation 31 . The autophagy inhibitor 3-MA attenuated the formation of LC3B and beclin-1, and CQ significantly enhanced the conversion of LC3B-I to LC3B-II. Similar scenarios have been reported in a neuronal cell line by Hirata et al. 19 . Surprisingly, the dying NP cells revealed few of the typical hallmarks of apoptosis. Taken together, these results demonstrated that time-dependent autophagy could be induced by compression in rat NP cells. Previous studies suggested that most cells present basal autophagy for homeostasis and perform selective autophagy to cope with excessive stresses 32, 33 . Moderate compression was needed to generate the ECM in IVD cells, while excessive compression reduced the generation of the ECM 4 . Based on our present data, we speculated that autophagosome formation may aid cells to cope with stress and overload stress may initiate autophagic cell death in rat NP cells. The autophagy inhibitor 3-MA precluded the NP cell death under compression conditions. Thus, autophagic cell death may be one of the effector mechanisms that acts as a safeguard against excessive or unscheduled proliferative signals 28 . For the first time, this gives a novel approach to the death mechanisms of rat NP cells under overload compression. Autophagy may be a physiological mechanism that preserves IVD cells under conditions of compression stimulus. However, excessive autophagy arising from compression stimulus can lead to cell death through crosstalk with apoptosis pathways when the stimulus persists 34 .
Apoptosis and autophagy are often initiated together in response to stress. Among the various biological functions of autophagy, its implication in cell death or cell survival is one that requires attention. On the one hand, autophagy has been shown to degrade aberrant cytoplasmic contents under stress conditions to maintain cellular homeostasis through the autophagy-lysosomal pathway 28, 35, 36 . On the other hand, autophagy has been associated with the cell death process, including necrotic, apoptotic, nonapoptotic and autophagic cell death 37 . The relationship between autophagy and apoptosis has been extensively researched in recent years. Consistent with most other in vitro studies 7,24e26 , when the autophagic inhibitor 3-MA was applied, the apoptosis ratio significantly increased and the number of surviving cells exposed to compression also increased. Our results showed compression increased the levels of apoptosis in time-dependent manner, and inhibition of autophagy upregulated compression-induced apoptosis in rat NP cells. Autophagy may facilitate rat NP cells resist compression-induced apoptosis to maintain homeostasis, while excessive autophagy may be involved in the death of IVD cells by crosstalk with apoptotic pathways when the compression stimulus persisted. The morphological features of rat NP cells using TEM demonstrated that autophagic flux increased when the time of exposure to compression was extended. When autophagy was blocked for 48 h by 3-MA, the number of dying cells significantly diminished while the number of necrotic and apoptotic cells markedly increased. Taken together, these data indicated that autophagic death may be implicated in the compression-induced death of IVD cells. ROS as signaling molecules could trigger autophagy, as has been reported in cancer cell lines 38, 39 . Abundant evidence has indicated that ROS play a pivotal role in the induction of autophagy by elevating expression of the JNK protein, and the level of ROS can be elevated by inhibition of autophagy using rapamycin 40, 41 .
In this study, we demonstrated that compression stimulus triggered and sustained autophagy through the generation of ROS. The generation of autophagosome-and DCF-sensitive ROS demonstrated the same kinetics in compression-treated rat NP cells. The ROS scavenger NAC suppressed these events. However, the autophagy inhibitor 3-MA, although fully blocking the accumulation of autophagosome, significantly upregulated the generation of ROS by compression stimulus. These data indicated that the initiation of autophagy was related intimately to the generation of ROS by compression stimulus in rat NP cells, and autophagy could preclude the generation of intracellular ROS by clearing the damaged organelles to cope with the stress. Our results are supported by the study of Castino et al. 42 , whose reports showed that autophagy could eliminate damaged mitochondria and reduce ROS accumulation. Similarly, another study demonstrated similar results in human glioma U251 cells 18 . Overall, our current study confirmed that the initiation of autophagy by compression was intimately linked to ROS generation. During compression stimulus, autophagy may serve as a protective mechanism to remove oxidatively damaged proteins and organelles. However, extensive autophagy could lead to autophagic cell death. Furthermore, there are other factors to consider in the research of IVD degeneration, such as low oxygen tension, high osmolarity, presence of cytokines and denutrition. These factors may directly affect the biological behavior of NP cells. Thus, the mechanisms of autophagy in the IVD degeneration process are complicated and need further study. In summary, our data support the presence of autophagy in compression-induced rat NP cell injury, which offers a novel insight into compression-induced degeneration of IVD cells. Furthermore, compression-induced autophagy and apoptosis are interrelated in rat NP cells, and the generation of ROS participates in the formation of autophagy in rat NP cells exposed to compression stimulus. The mechanism of autophagy generation and the role of autophagy are quite complicated in compression-induced IVD cell degeneration. Further investigation of the molecular mechanisms in which compression-induced autophagy and autophagic cell death occur may be helpful in developing strategies to impede IVD degenerative diseases. 
